INTRODUCTION
The classical analysis of a detonation wave propagating in an explosive charge is well known and gives reasonable predictions of both detonation pressure and detonation velocity [I-41. However, this analysis is highly idealized. The detonation wave is treated as an infinitely thin discontinuity separating the undisturbed material ahead of the wave from the fully reacted material to its rear. Numerous efforts have since been made to account for reaction zone thickness, reaction rate processes, material sensitivity to shock, detonation wave curvature and many of the other attributes of detonation waves [5-81.
Universally, all of these efforts have focussed on pressure as the essential component driving the initiation process. While pressure is important, recent efforts have identified shear as the mechanism by which energy is dissipated and initiation occurs in the detonation wave front. This suggests a different approach to the detonation problem. The shear driven initiation portion of the detonation wave front is first determined. This is then combined with the reaction zone thickness to describe the complete detonation wave. Here we present a determination of the shear wave and initiation front in an unconfined explosive charge. The reaction zone thickness, which can vary across the reaction front, is described in part by the microscopic analysis and in part by the boundary conditions. The results predict that the reaction zone can readily be measured for real charges. In this picture the high pressure portion of the detonation wave is just the end state of the process and supplies some energy to sustain the shear driven initiation process. This approach resolves a major inconsistency between current detonation theory and experiment, namely
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995438 that of dead pressing and similar situations in which it is impossible to initiate crystalline explosives at any pressure when plastic flow is prevented and yet the same material detonates easily at pressures of a few tenths of a GPa when shear and plastic flow occurs. Determining initiation due to the energy dissipated during plastic deformation has the potential of solving a broad range of initiation problems arising from an arbitrary impact or shock stimuli.
BRIEF REVIEW OF INITIATION AT THE MICROSCOPIC LEVEL
In an effort to understand hitiation, we have identified the localized energy dissipation that occurs within the explosive crystals during plastic deformation due to shock or impact as the mechanism responsible for initiation of reaction [9- 111. This is a shear driven process in which the energy dissipated by the moving dislocations responsible for plastic deformation is localized into small regions of sufficient energy density to start chemical reactions. Specifically, during detonation the local lattice distortions produced by the rapidly moving dislocations driven by the shock of the detonation are able to resonantly excite the internal vibrational modes of the explosive molecules. Rapid multiphonon excitation occurs when the energy of the optical phonons generated by the moving dislocations equals Mild impact, t .to, generates only low velocity dislocations and lower plastic strain rates. These lower velocity dislocations can also produce energy localization and ignition but at a much slower rate and are not of treated here.
INITIATION AT THE MACROSCOPIC LEVEL
Since shear stress is the driver of these microscopic processes, it is possible to use the shear stress to extend these concepts to the macroscopic level and obtain predictions of the pressure wave and the shear stress -initiation profile of a steady state detonation wave as well as predictions of other features including the failure diameter.
Consider the case of a steady state detonation wave propagating with a velocity D along the axis of an unconfined cylindrical explosive charge of radius r, . Let the charge be composed of an aggregate of randomly oriented and sized explosive crystals held in a soft polymer binder. It will be assumed that plastic deformation can always occur since the stresses encountered in a detonation are usually far in excess of the yield strength of any material.
A shear stress can be generated locally within the charge by the contact forces arising from particles pushing against each other due to the shock of the detonation wave 1141. Alternatively, shear stress can arise from the rarefactions originating at the unconfined walls of the charge. For the purposes of this paper it will be assumed that the charge is at or near its theoretical maximum density so that the local shear stresses in the aggregate due to contact forces can be neglected. Here the focus will be on the shear due to the pressure gradient produced by the relief waves that enter the explosive from the unconfined side walls.
Rather than writing the shear stress as the deviatoric elements of a stress tensor, it is more informative to directly write the shear stress in terms of the differential of the forces acting on+a crystal element. The shear stress ?can be expressed in terms of the spatial derivative of the force F as
where A is the cross sectional area. The differential element dr is the size of the active plastic deformation region of the crystal. It is this force gradient applied to a crystal that causes the creation and motion of dislocations and plastic flow to occur. Because of the magnitude of the shear stresses and the plastic flow, the components of the force are strongly coupled to each other which allows the simplification
where P = P(r,t) is the pressure. If the pressure is written as P = PG where ; is any unit vector and P is the pressure amplitude, then and the amplitude of the shear stress becomes
In order for a steady state detonation to develop, initiation must proceed at a constant rate on the surface of the initiation portion of the detonation wave. To achieve this constant rate of molecular excitation and dissociation requires that the shear stress be a constant over the entire surface of the initiation front. Thus on the surface of the initiation portion of a steady state detonation wave d t = 0 or Combining equations (4) and (5) gives the condition for a steady state detonation wave as The magnitude of the shear stress is
For an aggregate of randomly oriented explosives crystals it is only necessary that the magnitude of the shear stress be a constant on the initiation surface ahead of the steady state detonation wave. Thus, on the initiation front the magnitude of the shear stress on the axis of the charge, r = 0, z = 0, and at any other point (r,z) on the constant shearlinitiation surface are equal
which reduces to It has tactitly been assumed that the shear stress on the surface of interest is sufficient to cause initiation, r 2 r,, where r, is the critical shear stress necessary for initiation.
STEADY STATE DETONATION
In order to sustain a steady state detonation the boundary conditions imposed by an unconfined charge require that detonation must exist at the edge of the cylinder. This is necessary in order that the detonation reaction supply energy to the wave front to offset the energy lost to the rarefactions at the edge of the charge. Often in a real charge there appears to be a thin shell of explosive material on the outer edge of the charge that does not undergo reaction [17] . This is probably due to the length of the reaction zone and will not be dealt with further here.
Typically, the charge is driven to detonation by a plane shock wave. Assuming this to be the case, initiation of chemical reaction cannot first occur at the shock front in the interior of the charge since initially the gradient of the pressure is zero in this region and consequently so is the shear stress. Rather, initiation must first occur at the edge of the charge where the rarefaction waves entering from the unconfined side walls create a pressure gradient and consequently a shear stress and plastic flow. A steady state detonation develops as the rarefaction waves progress towards the center of the charge and back to the edge to eventually establish the shear stress profile given by equations (8) or (10).
REACTION ZONE LENGTH
The reaction zone length, q, is determined mainly by the microscopic processes of initiation [9-1 1,141. This length is measured from the initiating shear wave front given in equation (8) and extends to the point where the reaction is completed which is usually at the detonation front. Because of the boundary conditions z, varies from the center to the edge of the unconfined charge, q = q(r). For simplicity, the reaction zone length along the axis of the charge will be taken to be independent of the boundary conditions and is the characteristic reaction length, 6, of the explosive, q(0) = 6 . At the edge of the charge the reaction zone thickness is controlled in part by the boundary conditions which moderate the shear stress that drives the reaction.
The sheadinitiation front is determined by the shear due to the pressure gradient and is supported by the energy released in the reaction zone. To maximize the shear and associated reaction rate and minimize the energy flow between the interior and the edge of the charge, it is proposed that in the steady state the reaction at a position on the axis of the charge, (O,z), is just completed as the reactions at positions on the edge of the charge with the same z coordinate, (ro,z), are just initiated. Thus, in a coordinate system centered at the initiation front on the axis of the charge and moving with that front, the shear stress at the edge of the charge is determined from equation (8) with z = -6. Initiation occurs when a critical shear stress amplitude is achieved, r 2 r,. The plastic deformation and associated energy dissipation that occur prior to initiation are the same as would occur in a similar inert material and determine the energy required to ignite the sample.
Since shear arising from the rarefactions entering from the edge of the unconfined charge is required to establish a steady state detonation, the reaction at the edge of the charge develops for twice the time interval as the reaction in the center. Thus at the edge of the charge the reaction zone thickness is twice that at the center, q(ro) = 26. If it is assumed that the reaction goes to completion at the detonation front then the distance that the steady state detonation front at the edge of the charge lags the detonation front at the center of the charge is 26. In a coordinate system centered on the axis of the charge at the detonation front and moving with that front, the pressure at the edge of the charge is determined from equation (7) with z = -26.
Equations (7), (8) and (10) along with the reaction zone length, 6, define the surfaces of steady state detonation and initiation waves propagating along the axis of an unconfined cylindrical charge. Table  (1) show some comparisons between experimental data obtained from two different explosives, Comp B and an ammonium perchlorate and aluminum, AP/Al, based explosive and predictions obtained from the above equations. This indicates that within the probable accuracy of the data the characteristic reaction zone length, 6 , is nearly a constant independent of charge diameter for the APIA1 based explosive. Also, within the accuracy of the data, the detonation front at the edge of the charge lags the detonation front at the center of the charge by the predicted amount 26 for both explosives.
Finally, consider briefly the case when the cylindrical charge is enclosed in a thick walled tube so that the rarefaction waves from the side walls are reduced. With sufficient confinement the pressure gradient in the charge vanishes and along with it the shear stress within the charge. In the absence of shear and plastic deformation, energy localization and the initiation of chemical reaction cannot occur regardless of the amplitude of the shock introduced into the charge. There exists a substantial amount of experimental data from shock experiments in heavily confined charges at near theoretical maximum density that support this prediction [I 8-21 ].
SUMMARY
The observation that plastic deformation and the associated shear stress are responsible for energy dissipation and localization and the subsequent initiation of explosive crystals has been carried to the macroscopic level to describe the initiation of a steady state detonation wave in an unconfined cylinderical charge. Together the initiation front and the reaction zone length completely specify the detonation wave. Predictions have been obtained that agree reasonably well with the available experimental data and permit the extension of experimental observations into areas such as reaction zone thickness and the critical shear stress required for initiation.
Since the response of a crystalline explosive to any shock or impact is dependent upon the degree and nature of initiation achieved by the stimulus, it should be possible to extend these results beyond the narrow concerns of detonation and predict the response of an explosive to any arbitrary shock or impact. 
